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Revealing the Deaths of  
Massive Stars with  

High-Energy Neutrinos 



Outline 

GRBs & SNe = violent cosmic explosions 
     at the deaths of massive stars 

 
HE neutrinos can potentially tell us… 
+ Jet dynamics, composition 
+ GRB-SN relationship 
+ Possible connection w. CRs 
+ CR acceleration mechanisms 
 
1.  TeV-PeV non-thermal neutrinos  
2.  GeV-TeV neutrinos from “neutrons” 

GRB 

SN 



Gamma-Ray Bursts: “Classical” Pictures 
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Neutrino Production in the Source 
p+γ→ Nπ + X

Meson production efficiency (large astrophysical uncertainty) 
fpγ ~ 0.2nγσpγ(r/Γ) ∝ r-1Γ-2 ∝ Γ-4δt-1 (if internal shock r ~ Γ2δt)	


at Δ-resonance (εpεγ ~ 0.2Γ2 GeV2)  

ενb ~ 0.05εp
b ~ 0.01 GeV2 Γ2/εγ,pk ~ 1 PeV (if εγ,pk ~ 1 MeV)  

baryonic resonances, 
direct production, 
multi-pion production etc. σpγ ~ a few x 10-28 cm2 

parameters for fpγ (Lγ, photon spectrum, Γ, r (or δt)) + CR normalization  



Inner jet (prompt emission)  
r ~ 1012-1016 cm   B ~ 102-6 G 

PeV ν, GeV-TeV γ 

Meszaros (2001) 

Possible Neutrino Production Sites 

Waxman & Bahcall 97 PRL	

Dermer & Atoyan 03 PRL	

 	


Afterglow 
r ~ 1014-1017 cm   B ~ 0.1-100 G 

EeV ν, GeV-TeV γ  
e.g., Waxman & Bahcall 00 ApJ ���
        Dermer 02 ApJ ���
        KM 07 PRD	



IceCube Limits on Prompt GRB Neutrinos 

The Astrophysical Journal, 752:29 (10pp), 2012 June 10 He et al.
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Figure 2. Neutrino spectra numerically calculated by adopting the internal shock
radius R = 2Γ2ctob

v /(1 + z) for 215 GRBs (light red lines) observed during
the IceCube operations in the 40-string and 59-string configurations. We use the
same GRB samples, the same assumptions for the GRB parameters, and the
same effective area as a function of the zenith angle as those used by the ICC.
The thick red solid line represents the sum of the neutrino spectra of the 215
GRBs and the thick red dashed line is the corresponding 90% CL upper limit
of IceCube. The thick dark gray solid line and dashed line are the predicted
total neutrino spectrum and the corresponding 90% CL upper limit given by
the ICC for the combined data analysis of IC40 and IC59, respectively. The
blue solid and dashed lines correspond to the expected spectra and the 90%
CL upper limit obtained by using the modified method in Guetta et al. (2004).
The purple lines represent our modified analytical calculation as a comparison.
For the above calculations, we adopt benchmark parameters, such as the peak
luminosity Lγ = 1052 erg s−1, the observed variability timescale tob

v = 0.01 s
for the long GRBs, the Lorentz factor Γ = 102.5, and the baryon ratio ηp = 10
for every GRB.
(A color version of this figure is available in the online journal.)

1012–1016 cm.10 The figure shows that the neutrino flux for the
case of R = 1012 cm (the black solid line) would exceed the
corresponding IceCube upper limit (the black dashed line) as
long as the baryon-loading factor is sufficiently greater than
unity. If we fix ηp = 10, then the nondetection requires that the
dissipation radius be larger than 4×1012 cm. We note that, when
the emission radius is too small, the maximum energy of the
accelerating particles is limited due to the strong photohadronic
and/or radiation cooling, and the neutrino emission can be more
complicated due to the strong pion/muon cooling, so a more
careful study is needed to obtain quantitative constraints on ηp

in this regime. On the other hand, the larger dissipation radius
leads to a lower neutrino flux and higher cooling break energy
according to Equations (12) and (13). The shift of the first break
to higher energies for larger dissipation radii is due to those
GRBs with α > 1, whose neutrino spectral peaks located at the
cooling breaks dominantly contribute to the neutrino flux.

3.2. Uncertainty in the Bulk Lorentz Factor

In the previous subsections, we took either the variability or
the dissipation radius as a principal parameter, given a Lorentz
factor, i.e., Γ = 102.5. For those bursts without a measured

10 If the radius is smaller than the photosphere radius, then the neutrino
emission produced by the p − p interactions becomes important (Wang & Dai
2009; Murase 2008); this scenario is not considered here.
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Figure 3. Spectra of the total neutrino emission produced by 215 GRBs,
assuming the same dissipation radius for every GRB at R = 1012 cm (the
black solid line), R = 1013 cm (the blue solid line), R = 1014 cm (the green
solid line), R = 1015 cm (the yellow solid line), and R = 1016 cm (the red
solid line). The corresponding upper limits are shown by the dashed lines.
Other parameters are the same as those used in Figure 2. Note that the red,
green, and yellow dashed lines overlap with each other because the spectrum
shape of the red, green, and yellow solid lines is similar in the energy range of
105 GeV–3 × 106 GeV.
(A color version of this figure is available in the online journal.)

redshift, we took Lγ = 1052 erg s−1 for the peak luminosity, as
was done by the ICC. However, it was found recently that the
bulk Lorentz factor could significantly vary among the bursts,
and there is an inherent relation between the Lorentz factor and
the isotropic energy or the peak luminosity (Liang et al. 2010;
Ghirlanda et al. 2012). As shown by Equations (17) and (18),
the neutrino flux is very sensitive to the bulk Lorentz factor, so
we can use the inherent relation to obtain more realistic values
for the Lorentz factors and, hence, a more reliable estimate of
the neutrino flux.

By identifying the onset time of the forward shock from the
optical afterglow observations, Liang et al. (2010) and Lv et al.
(2011) obtain the bulk Lorentz factors for a sample of GRBs.
They furthermore found a correlation between the bulk Lorentz
factor and the isotropic energy of the burst, given by11

ΓL = 118E0.26
iso,52. (22)

Ghirlanda et al. (2012) revisit this problem with a large sample
and obtain a relation as

ΓG = 29.8E0.51
iso,52. (23)

Compared with the benchmark model, which assumes Γ = 102.5

for all of the bursts, the value of Γ obtained from these
relations is lower for the bursts with the isotropic energy
Eiso ! (4.4–9.4) × 1053 erg.

Ghirlanda et al. (2012) also obtained the relation between the
bulk Lorentz factor and the peak luminosity, i.e.,

ΓGL
= 72.1L0.49

γ ,52. (24)

11 We adopt only the center value for the relationships presented hereafter.

6

+ ~10 yr observations can cover relevant parameter space  
   in the classical scenario w. GRB-UHEp hypothesis 
※ unconstrained cases shown by earlier detailed calculations (ex. KM & Nagataki 06 PRD) 

+ Difficult to explain IceCube events at PeV energies  

He, Liu, Wang, Nagataki, KM & Dai 12 ApJ 

IceCube collaboration 12 Nature 

producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.

In the GRB fireball, protons are believed to be accelerated
stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, the proton
content can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic-ray sources. Limits on the neutrino
flux for cosmic-ray-normalized models are shown in Fig. 3; each model
prediction has been normalized to a value consistent with the observed
ultra-high-energy cosmic-ray flux. The proton density can also be
expressed as a fraction of the observed burst energy, directly limiting
the average proton content of the bursts in our catalogue (Fig. 4).

An alternative is to reduce the neutrino production efficiency, for
example by modifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing the neutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits on C are established by pair
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
time window ofDt implies observed events arriving between t seconds before the
burst and t afterward. The variation of the upper limit (solid line labelled ‘90%
Upper limit’) withDt reflects statistical fluctuations in the observed background
rate, as well as the presence of individual events of varying quality. The dashed
line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtained with exactly the mean expected background. The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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Figure 1 | Comparison of results to predictions based on observed c-ray
spectra. The summed flux predictions normalized to c-ray spectra6,9,19 are
shown as a function of neutrino energy (E) in dashed lines, with the dark grey
dashed line labelled ‘IC40 Guetta et al.’ showing the flux prediction for the 40-
string portion of the analysis, and the black dashed line labelled ‘IC40159
Guetta et al.’ showing the prediction for the full two-year dataset. The cosmic
ray normalized Waxman-Bahcall flux4,20 is also shown for reference as the pale
grey dashed line. 90% confidence upper limits on these spectra are shown as
solid lines, with the grey line labelled ‘IC40 limit’ showing the previous IceCube
result6 and the black ‘IC401IC59 Combined’ line showing the result from the
full dataset (this work). The predicted neutrino flux, when normalized to the
c-rays6,9, is proportional to the ratio of energy in protons to that in electrons,
which are presumed responsible for the c-ray emission (ep/ee, here the standard
10). The flux shown is slightly modified6 from the original calculation9. Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
all of the parameters used in the neutrino spectrum calculation are measurable
from every burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from the result of the
model-dependent analysis.
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Figure 3 | Compatibility of some neutrino flux predictions based on cosmic
ray production in GRBs with observations. The cross-hatched area
(‘IC40159 Allowed 90% CL’) shows the 90% confidence allowed values of the
neutrino flux (vertical axes, as in Fig. 1) versus the neutrino break energy (eb) in
comparison to model predictions with estimated uncertainties (points); the
solid line labelled ‘IC50159 Allowed 95% CL’ shows the upper bound of the
95% confidence allowed region. Data were taken from the model-independent
analysis from the time window corresponding to the median duration of the
GRBs in our catalogue ( |Dt | 5 28 s). Spectra are represented here as broken
power laws (Wn?{E

21/eb, E , eb; E22, E . eb}) with a break energy eb

corresponding to the D resonance for p–c interactions in the frame of the shock.
The muon flux in IceCube is dominated by neutrinos with energies around the
first break (eb). As such, the upper break, due to synchrotron losses of p1, has
been neglected here, as its presence or absence does not contribute significantly
to the muon flux and thus does not have a significant effect on the presented
limits. eb is related to the bulk Lorentz factor C (eb / C2); all of the models
shown assume C < 300. The value of C corresponding to 107 GeV is .1,000 for
all models. Vertical axes are related to the accelerated proton flux by the model-
dependent constant of proportionality fp. For models assuming a neutron-
decay origin of cosmic rays (ref. 8 and ref. 10) fp is independent of C; for others
(ref. 4) fp / C24. Error bars on model predictions are approximate and were
taken either from the original papers, where included10, or from the best-
available source in the literature15 otherwise. The errors are due to uncertainties
in fp and in fits to the cosmic-ray spectrum. Waxman-Bahcall4 (circle)
and Rachen8 (box) fluxes were calculated using a cosmic-ray density of
(1.5–3) 3 1044 erg Mpc23 yr21, with 3 3 1044 the central value20. The Ahlers10

model is shown with a cross. CL, confidence level.
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(see also Li 11 PRD, Hummer et al. 12 PRL) 

obs. limit  
(based on stacking) 

fpγ uncertainty 



Inner jet (prompt emission)  
r ~ 1012-1016 cm   B ~ 102-6 G 

PeV ν, GeV-TeV γ 

Meszaros (2001) 

Possible Neutrino Production Sites 

Waxman & Bahcall 97 PRL	

Dermer & Atoyan 03 PRL	

 	


Afterglow 
r ~ 1014-1017 cm   B ~ 0.1-100 G 

EeV ν, GeV-TeV γ  
e.g., Waxman & Bahcall 00 ApJ ���
        Dermer 02 ApJ ���
        KM 07 PRD	

Inner jet inside a star  
r < 1012 cm, B > 106 G 

TeV-PeV ν, no γ 



Neutrinos as a Probe of Jets inside Stars 

Motivations 
+ Jet acceleration & composition (radiation or magnetic) 
+ GRB-SN connection, progenitors: clues to GRB engine 
+ Neutrino mixing including matter effects etc. 

“Hidden” neutrino sources 
•  Jets before GRB emission 

 “precursor neutrinos” 
•  Choked jets (failed GRBs) 

“orphan neutrinos” 

Meszaros & Waxman 01 PRL 
Razzaque, Meszaros & Waxman 04 PRL 

Ando & Beacom 05 PRL 

high density → fpγ >> 1 
                     “calorimetric”  
CRs damped (no UHECRs) 



More Realistic Picture 

1.  Ballistic jets inside stars X 
→ collimation shock & collimated jet 

2.  CR acceleration at collisionless shocks △ 
→ inefficient when mediated by radiation 

Two pieces of important physics were overlooked 
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“Radiation Constraints” on Non-thermal Neutrino Production 

•  Lower-power is better 
•  Bigger progenitor is better 

KM & Ioka 13 PRL 

suppression region 
(τT>1 at unshocked flow) 

Wolf-Rayet star 

blue-super giant 

→ favoring choked jets 
    (difficulty of penetration) 

UL GRB: ultra-long GRB  
T ~ 104 s >> TGRB ~ 30 s 
  → blue-super giants? 
ex. GRB 111209A  



Low-Power/Bigger Progenitor GRB Classes? 

In fact, there seem distinct classes of lower-power GRBs that are 
largely missed by current GRB satellites like Swift and Fermi 
 
•  Low-luminosity GRBs (or trans-relativistic SNe) 

Eγ
iso ~ 1050 erg, ρ ~ 102-103 ρGRB 

- intermediate nature between GRBs and SNe 
- marginally successful jets 

•  Ultra-long GRBs 
Eγ

iso ~ 1053 erg, ρ ~ ρGRB? 
- ultra-long → bigger progenitors (ex. blue-super giants)  
- marginally successful jets   

 
- Clues to unveiling GRB-SN connection, progenitors etc. 
- Needs for better GRB satellites and/or surveys of SNe 

(Soderberg+ 06 Nature, Liang+ 07 ApJ) 

(Toma+ 07 ApJ, Bromberg+ 11 ApJ) 

(Levan+ 13) 

(KM & Ioka 13 PRL) 
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Possible Contributions to TeV-PeV Neutrino Background 

Low-power jets could explain IceCube events at PeV energies  
without violating IceCube limits on GRB neutrinos 

predictions by 
KM+ 06 ApJL 

Γ=5 

IceCube 2013 

Γ=10 

large uncertainty 
but interesting  



Non-thermal vs Quasi-thermal  
•  TeV-PeV non-thermal neutrinos 

produced typically via pγ interactions between CRs and photons 
Eν ~ 0.01 Γ2 (GeV/εγ) GeV → TeV-PeV ν 
- Ep

-2 is assumed but may not be true 
- inefficient at radiation-mediated shocks 
- complicated spectra due to meson/muon cooling 

But diffusive shock acceleration is not always required   
•  GeV-TeV quasi-thermal neutrinos 

produced via pn inelastic collisions with thermal “neutrons” 
Eν ~ 0.1 Γ Γrel mp c2 → ~30-300 GeV ν  
- relativistic nucleons via thermalization of neutrons  
- neutrons are naturally loaded from GRB engine 
- universal spectra due to irrelevance of meson/muon cooling  



Subphotospheric (τT > 1) Inelastic Collision Model	 

Collision w. decoupled neutrons (e.g., Bahcall & Meszaros 00 PRL) 

neutron flow 
after rdec 

proton flow 

Dissipation 
ǁ‖ 

Inelastic collision 
N+n→π→γ,ν,e 

Collision w. compound flow (e.g., Meszaros & Rees 00 ApJ) 

nucleons 
(protons 

+neutrons) 

Dissipation 
ǁ‖ 

Internal shock 
Inelastic collision 

N+n→π→γ,ν,e 

nucleons 
(protons 

+neutrons) 

•  Quasi-thermal emission explain observed GRB spectra 
(via EM cascades, Coulomb heating & synchrotron)  

(e.g., Beloborodov 10 ApJ, Vurm+ 11 ApJ) 
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Quasi-thermal Neutrinos are Detectable	 

KM, Kashiyama & Meszaros 13 PRL 
see also Bartos+ 13 PRL 

Inevitable ν emission 
εν2 φν ~ εγ2 φγ 
if neutrons are responsible for 
GRB prompt emission  
“testable model” 

Eγ
iso=1053.5 erg 
Γ=600, z=0.1 

εν ~ 30-300 GeV 

•  DeepCore is crucial 
in the 10-100 GeV range 

•  Stacking ~1000-2000 GRBs 
(~10 yr w. current satellites)  

stacking for GRBs 
w. >10-6 erg cm-2 

Atm. ν	




Novel Acceleration Mechanism in Neutron-Loaded Flows	

“Neutron-Proton-Converter Acceleration” 
 another Fermi acceleration mechanism without diffusion 
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Kashiyama, KM & Meszaros 13 PRL in press 

Points 
- naturally injected 
  (neutron mean free path  
   > internal shock length) 
 
- guaranteed for n-loaded flows 
  (B is needed for isotropization) 
 
- crucial if radiation-mediated  
  (σnp < σT) 
 
- slow process → TeV ν  

(Derishev+ 03 PRD) 
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NPC Acceleration: Spectra & Effects  
+ First demonstration by Monte Carlo simulations  
+ Spectra consisting of bumps rather than a power law 
+ >10% of injected neutron energy can be used for acceleration 
+ Enhancing the detectability of GeV-TeV neutrinos 

internal shocks occurring in neutron-loaded relativistic
outflow even in the radiation-mediated regime, where the
conventional Fermi shock acceleration would be inefficient
[33,34]. We showed that !!2

rel min½1; !2pn#% of the
neutron-flow energy may be converted to nonthermal
nucleons with boosts of * 0:5!2

rel.
So far, we only took into account the hadronuclear

collision. In fact, other energy-loss processes may deter-
mine the maximum energy obtained by the NPC accelera-
tion. In the case of GRBs, the Bethe-Heitler process
pþ " ! pþ e% þ eþ would become crucial for suffi-
ciently high-energy protons. For a blackbody spectrum,
this gives a maximum Lorentz factor of "d;max &
2mec

2=CkBTd, where C is the prefactor, taking into
account the effect of the Wien tail. In addition, the NPC
acceleration becomes inefficient for #ð"uðdÞÞ & 1, where
the pitch angle of a proton is no longer isotropized before
the next conversion or crossing the shock. Then, it becomes
difficult to cross the shock from the downstream to the
upstream. Also, the typical pitch angle in the upstream
becomes h$ui ( 1% 1=!2

rel, as in the case of the Fermi

acceleration, which makes the energy gain per cycle nega-
tive hEf=Eii< 1 due to the inelasticity of the collisions.
This sets another constraint of "d;max & #ð1Þ.
Consequently, the maximum Lorentz factor by the NPC
acceleration can be described as

"d;max ( min
!
2mec

2

CkBTd
;

eBu

%pnmpc
2nu

"
: (7)

For instance, substituting ! ¼ 600, !rel ¼ 3, !pn ¼ 1, and
#ð1Þ ¼ 106, which is a possible parameter set for a suc-
cessful GRB jet [26], the NPC acceleration can give
"d;max ! 200 if C! 6. The by-product neutrino energy
can be E& ( 0:05!"dmpc

2 ! 6!2:7"d;2:3TeV in the
observer frame. Such a high-energy tail is crucial for the
detection of subphotospheric neutrinos from GRBs, as
shown in Ref. [26].
In this work, we adopted a test-particle approximation

assuming that the neutron fraction is less than unity, where
the backreaction on the background shock structure is
neglected. Once the total energy or pressure of accelerated
nucleons becomes significant compared to that of the
proton flow (rather than the neutron flow), inelastic colli-
sions in the upstream contribute to deceleration of the
proton flow with the length scale ( 1=nu%pn and the
results should be affected.
Also, we assumed ordered magnetic fields for the

Monte Carlo simulations. One can expect turbulent mag-
netic fields especially in the shock downstream where the
proton diffusion has to be considered. We note that our
results would not change much if the diffusion velocity is
slow so that the protons cannot cross the shock to the
upstream. If not, the conventional shock acceleration can
work effectively after the neutron injection. Those cases
will be investigated in future work.
In addition, we treated the inelastic interactions based on

the simplified assumptions (i)–(iii). Assumption (i) is not
strictly valid in lower energies, where the conversion pro-
cesses occur slightly more frequently in total than in
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FIG. 3 (color online). The efficiency of the NPC acceleration.
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Summary 
TeV-PeV non-thermal neutrinos 
Prompt ν 
+ If UHEp origin, relevant parameters can be covered in ~10 yr 
Precursor/orphan ν	

+ General radiation constraints: low-power GRBs are favored 
+ Detecting TeV ν signal may support big progenitors  
Low-power GRBs can contribute to PeV ν bkg. seen by IceCube  
 
GeV-TeV neutrinos from “neutrons” 
Inevitable quasi-thermal ν/γ emission (without CR acceleration) 
Detectable in ~10 yr if neutrons are responsible for GRB emission 
NPC acceleration can enhance detectability 
  
Needs: better surveys for GRB-SNe & searches for GeV-TeV ν   
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Backup Slides	
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Prompt Emission 



Ultra-High-Energy Cosmic Rays? 

If UHECR energy output ~ GRB radiation energy 
EHECR

iso ~  Eγ
iso ~ 1053 erg　　　　　　　　　　　　　　　　　          

 
    with local GRB rate density: ~ 1 Gpc-3 yr-1 
                                               (e.g., Wanderman & Piran 2010, Dermer 12) 
 
　 
 
 UHECR budget (from obs.): QHECR ~ 1044 erg/Mpc3/yr 

	

Fermi shock acceleration (in “classical” pictures) 
-> not only electrons but protons are accelerated 

εp < erB ~ 3x1020 eV r14B4 (Waxman 1995, Vietri 1995) 



Basics of ν and γ-ray Emission 

€ 

p + γ → n + π + κ p ~ 0.2

€ 

p + γ → N π ± + X κ p ~ (0.4 − 0.7)

εp 

CR Spectrum (Fermi mechanism) 
Key parameter 

CR loading 

1018.5eV 1020.5eV 

εγ 

Photon Spectrum (observed) 

εγ,pk~300 keV εmax 

Photomeson production efficiency 
~ effective optical depth for pγ process 
fpγ ~ 0.2 nγσpγ (r/Γ): func. of r&Γ	


Δ-resonance 

at Δ-resonance (εp εγ ~ 0.3 Γ2 GeV2)  

εp
b~ 0.15 GeV mpc2 Γ2/εγ,pk ~ 50 PeV  

εp
2N(εp) 

2-α~1.0 

2-β~-0 2-p~0 

~ΓGeV 

εγ2N(εγ) 

EHECR≡εp
2N(εp)  

  ~εγ,pk
2N(εγ,pk) 

multi-pion production 

Photomeson Production 

(in proton rest frame) 

total ECR~20EHECR 



pion energy επ~ 0.2 εp 
break energy επb~ 0.07 GeV2 Γ2/εγ,pk ~ 10 PeV  

επ 

Meson Spectrum 

επ
ｂ	 επ

syn 

β-1~1 

α-1~0 

επ2N(επ) 

Neutrino Spectrum 

εν
b 

β-1~1 

α-1~0 

εν2N(εν) 

π ± → µ± +νµ (νµ )

µ± → e± + νe (νe )+νµ (νµ )

HE charged mesons 
(meson cooling time) < (meson life time) 
→ suppression at high energies 

 ~fpγEHECR 

α-3~-2.0 

εν
πsyn 

εν 

α-3~-2.0 

neutrino energy εν ~ 0.25 επ ~ 0.05 εp　 
• ν lower break energy ενb ~ 2.5 PeV 
• ν higher break energy ενπsyn ~ 25 PeV 

π 0 → γ +γ

Gamma-Ray Spectrum 

εγ
b 

β-1~1 

α-1~0 

εγ2N(εγ) 

εγ
ma

x 

εγ	


γ-ray energy εγ ~ 0.5 επ ~ 0.1 εp　 
• γ lower break energy εγb ~ 5 PeV 
• γ maximum energy εγmax ~ 0.1 εp

max 

Waxman & Bahcall, PRL (1997) 



GRB Prompt ν Emission 

•  Testable: GRB-UHEp hypothesis (EHECR/EGRBγ > 1 required) 

“moderate” CR loading 
EHECR ~ 0.5 EGRBγ	


→#~0.1-10 by IceCube  

“high” CR loading 
EHECR ~ 2.5 EGRBγ	


→#~0.5-50 by IceCube 

CR loading parameter 
ΕHECR ≡εp

2 N(εp) 

Set A - r~1013-14.5cm  
Set B - r~1014-15.5cm  

Γ=102.5, Uγ=UB  

KM & Nagataki, PRD, 73, 063002 (2006) 

Event rates by IceCube for 1 GRB @ z~1 ~ 10-3-10-1 

→ Cumulative ν background (time/space coincidence)  



Recent IceCube Limits on Prompt ν Emission 

Limits start to be powerful but the above is optimistic by ~ 6-10 
1. fpγ is energy-dependent, π-cooling → ~ 4 ↓ 
2. (εγ2 φγ at εγ,pk) ≠ (∫dεγ εγ φγ) → ~3-6 ↓ 
3. details (multi-π, ν mixing etc.) → ex., multi-π ~2-3 ↑ 
- Different from “astrophysical” model-uncertainty in calculating fpγ	

- Considered in earlier calculations for a given parameter set 

IceCube collaboration 12 Nature 

producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.

In the GRB fireball, protons are believed to be accelerated
stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, the proton
content can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic-ray sources. Limits on the neutrino
flux for cosmic-ray-normalized models are shown in Fig. 3; each model
prediction has been normalized to a value consistent with the observed
ultra-high-energy cosmic-ray flux. The proton density can also be
expressed as a fraction of the observed burst energy, directly limiting
the average proton content of the bursts in our catalogue (Fig. 4).

An alternative is to reduce the neutrino production efficiency, for
example by modifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing the neutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits on C are established by pair
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
time window ofDt implies observed events arriving between t seconds before the
burst and t afterward. The variation of the upper limit (solid line labelled ‘90%
Upper limit’) withDt reflects statistical fluctuations in the observed background
rate, as well as the presence of individual events of varying quality. The dashed
line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtained with exactly the mean expected background. The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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Figure 1 | Comparison of results to predictions based on observed c-ray
spectra. The summed flux predictions normalized to c-ray spectra6,9,19 are
shown as a function of neutrino energy (E) in dashed lines, with the dark grey
dashed line labelled ‘IC40 Guetta et al.’ showing the flux prediction for the 40-
string portion of the analysis, and the black dashed line labelled ‘IC40159
Guetta et al.’ showing the prediction for the full two-year dataset. The cosmic
ray normalized Waxman-Bahcall flux4,20 is also shown for reference as the pale
grey dashed line. 90% confidence upper limits on these spectra are shown as
solid lines, with the grey line labelled ‘IC40 limit’ showing the previous IceCube
result6 and the black ‘IC401IC59 Combined’ line showing the result from the
full dataset (this work). The predicted neutrino flux, when normalized to the
c-rays6,9, is proportional to the ratio of energy in protons to that in electrons,
which are presumed responsible for the c-ray emission (ep/ee, here the standard
10). The flux shown is slightly modified6 from the original calculation9. Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
all of the parameters used in the neutrino spectrum calculation are measurable
from every burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from the result of the
model-dependent analysis.
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Figure 3 | Compatibility of some neutrino flux predictions based on cosmic
ray production in GRBs with observations. The cross-hatched area
(‘IC40159 Allowed 90% CL’) shows the 90% confidence allowed values of the
neutrino flux (vertical axes, as in Fig. 1) versus the neutrino break energy (eb) in
comparison to model predictions with estimated uncertainties (points); the
solid line labelled ‘IC50159 Allowed 95% CL’ shows the upper bound of the
95% confidence allowed region. Data were taken from the model-independent
analysis from the time window corresponding to the median duration of the
GRBs in our catalogue ( |Dt | 5 28 s). Spectra are represented here as broken
power laws (Wn?{E

21/eb, E , eb; E22, E . eb}) with a break energy eb

corresponding to the D resonance for p–c interactions in the frame of the shock.
The muon flux in IceCube is dominated by neutrinos with energies around the
first break (eb). As such, the upper break, due to synchrotron losses of p1, has
been neglected here, as its presence or absence does not contribute significantly
to the muon flux and thus does not have a significant effect on the presented
limits. eb is related to the bulk Lorentz factor C (eb / C2); all of the models
shown assume C < 300. The value of C corresponding to 107 GeV is .1,000 for
all models. Vertical axes are related to the accelerated proton flux by the model-
dependent constant of proportionality fp. For models assuming a neutron-
decay origin of cosmic rays (ref. 8 and ref. 10) fp is independent of C; for others
(ref. 4) fp / C24. Error bars on model predictions are approximate and were
taken either from the original papers, where included10, or from the best-
available source in the literature15 otherwise. The errors are due to uncertainties
in fp and in fits to the cosmic-ray spectrum. Waxman-Bahcall4 (circle)
and Rachen8 (box) fluxes were calculated using a cosmic-ray density of
(1.5–3) 3 1044 erg Mpc23 yr21, with 3 3 1044 the central value20. The Ahlers10

model is shown with a cross. CL, confidence level.
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(Li 11 PRD, Hummer et al. 12 PRL) 

(Hummer et al. 12 PRL, He et al. 12 ApJ) 

(KM & Nagataki 06 PRD) 

Prediction (but see below) 

Limit (based on stacking) 

(ex. Dermer & Atoyan 03 
KM & Nagataki 06) 



Applications to Individual GRBs   
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FIG. 2: Reproduction of the IC-FC prediction for the neu-
trino (di↵erential) fluence E2

⌫F⌫ , compared to the correspond-
ing IC40 limit (light/blue curves; 90% CL). In addition, our
numerical prediction NFC is compared to the corresponding
IceCube limit for exactly the same bursts and assumptions
(black curves). Compare to Fig. 2 in Ref. [4].

the final (numerical) result NFC is obtained. In this case,
the normalization deviates about one order of magnitude
from the analytical prediction IC-FC, and the shape is
significantly di↵erent, shifted to higher energies. Note
that we have chosen one analytical method IC-FC for
the comparison, whereas the detailed comparison to an-
other method, such as Ref. [1], will depend on the specific
approximations of the analytical method (whereas NFC
does not depend on these).

As the next step, we reproduce the IC40 analysis from
Ref. [4], based on 117 bursts, using the same neutrino ef-
fective area and same assumptions, bursts, and parame-
ters [16]. The result is shown in Fig. 2 (light/blue curves),
where the dashed curve shows the IC-FC prediction for
the neutrino flux and the solid curve the corresponding
IC40 limit. In this case, the bound is below the predic-
tion, and the original model is under tension. Our result
is shown as black curves: the prediction is about one or-
der of magnitude below the limit corresponding to this
flux shape. This qualitatively di↵erent result means that
IceCube has not yet reached the level where it tests the
parameters chosen for the fireball model.

In order to obtain conclusions on the cosmic-ray con-
nection, or to compare the results from di↵erent experi-
ments, the extrapolation of the fluence to a quasi-di↵use
flux is needed. It depends on the number of bursts ex-
pected per year, where 667 has been used [4]. We show in
Fig. 3 our quasi-di↵use flux prediction (“GRB, all”) to-
gether with the IC40 limit, the combined IC59+40 limit
(which has a di↵erent flux shape), and an extrapolated
IC86 limit. In addition, we show di↵erent regions and
curves to illustrate the size of several model- or method-

specific additional “systematical errors”: the statistical
error coming from the extrapolation from a few bursts
to the quasi-di↵use flux (for 117 bursts, estimated and
obtained from Ref. [15]) and the “astrophysical uncer-
tainty” for this particular model (envelope of the follow-
ing independent variations around the assumptions for
the IceCube analysis: variability timescale tv by one or-
der of magnitude [0.001s . . . 0.1s for long bursts], � be-
tween 200 and 500, proton injection index between 1.8
and 2.2, and ✏e/✏B , energy in electrons versus magnetic
field, between 0.1 and 10). As one can read o↵ from this
figure, neither IC40 nor IC59+40 can reach the predicted
fluxes, even in the most optimistic cases; compared to
IC59+40, a factor of two higher statistics is needed to
reach the nominal prediction. However, the full scale
IceCube experiment, operated over about 10 years (ex-
trapolation), will finally find the GRB neutrinos or sig-
nificantly constrain the model unless, for instance, the
number ratio between � & 500 and � ⇠ 300 bursts (or
corresponding collision radii) is larger than seven for fixed
tv, as it can be easily shown. Note that our given as-
trophysical uncertainty is less model-dependent than the
one in Ref. [19], since it does not rely on the origin of the
target photons, but it includes the e↵ects of synchrotron
losses.
We have deliberately omitted one variable from this

discussion: the baryonic loading 1/fe, which directly re-
scales the neutrino flux prediction, as illustrated by the
arrow in Fig. 3 and as it can be read o↵ from Eq. (1).
The choice of this parameter is often consistent with a
coherent picture among cosmic ray, gamma-ray, and neu-
trino fluxes if the GRBs are the sources of the UHECR,
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FIG. 3: Prediction of the quasi-di↵use flux (NFC), including
the estimates for several model- or method-specific system-
atical uncertainties (see main text). In addition, the IC40
limit is shown, and two expectations are shown for com-
parison (IC59+40 from Ref. [5] and IC86 extrapolated for
AIC86
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from IC40; see, e.g., Ref. [18]).
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Figure 2. Neutrino spectra numerically calculated by adopting the internal shock
radius R = 2Γ2ctob

v /(1 + z) for 215 GRBs (light red lines) observed during
the IceCube operations in the 40-string and 59-string configurations. We use the
same GRB samples, the same assumptions for the GRB parameters, and the
same effective area as a function of the zenith angle as those used by the ICC.
The thick red solid line represents the sum of the neutrino spectra of the 215
GRBs and the thick red dashed line is the corresponding 90% CL upper limit
of IceCube. The thick dark gray solid line and dashed line are the predicted
total neutrino spectrum and the corresponding 90% CL upper limit given by
the ICC for the combined data analysis of IC40 and IC59, respectively. The
blue solid and dashed lines correspond to the expected spectra and the 90%
CL upper limit obtained by using the modified method in Guetta et al. (2004).
The purple lines represent our modified analytical calculation as a comparison.
For the above calculations, we adopt benchmark parameters, such as the peak
luminosity Lγ = 1052 erg s−1, the observed variability timescale tob

v = 0.01 s
for the long GRBs, the Lorentz factor Γ = 102.5, and the baryon ratio ηp = 10
for every GRB.
(A color version of this figure is available in the online journal.)

1012–1016 cm.10 The figure shows that the neutrino flux for the
case of R = 1012 cm (the black solid line) would exceed the
corresponding IceCube upper limit (the black dashed line) as
long as the baryon-loading factor is sufficiently greater than
unity. If we fix ηp = 10, then the nondetection requires that the
dissipation radius be larger than 4×1012 cm. We note that, when
the emission radius is too small, the maximum energy of the
accelerating particles is limited due to the strong photohadronic
and/or radiation cooling, and the neutrino emission can be more
complicated due to the strong pion/muon cooling, so a more
careful study is needed to obtain quantitative constraints on ηp

in this regime. On the other hand, the larger dissipation radius
leads to a lower neutrino flux and higher cooling break energy
according to Equations (12) and (13). The shift of the first break
to higher energies for larger dissipation radii is due to those
GRBs with α > 1, whose neutrino spectral peaks located at the
cooling breaks dominantly contribute to the neutrino flux.

3.2. Uncertainty in the Bulk Lorentz Factor

In the previous subsections, we took either the variability or
the dissipation radius as a principal parameter, given a Lorentz
factor, i.e., Γ = 102.5. For those bursts without a measured

10 If the radius is smaller than the photosphere radius, then the neutrino
emission produced by the p − p interactions becomes important (Wang & Dai
2009; Murase 2008); this scenario is not considered here.
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Figure 3. Spectra of the total neutrino emission produced by 215 GRBs,
assuming the same dissipation radius for every GRB at R = 1012 cm (the
black solid line), R = 1013 cm (the blue solid line), R = 1014 cm (the green
solid line), R = 1015 cm (the yellow solid line), and R = 1016 cm (the red
solid line). The corresponding upper limits are shown by the dashed lines.
Other parameters are the same as those used in Figure 2. Note that the red,
green, and yellow dashed lines overlap with each other because the spectrum
shape of the red, green, and yellow solid lines is similar in the energy range of
105 GeV–3 × 106 GeV.
(A color version of this figure is available in the online journal.)

redshift, we took Lγ = 1052 erg s−1 for the peak luminosity, as
was done by the ICC. However, it was found recently that the
bulk Lorentz factor could significantly vary among the bursts,
and there is an inherent relation between the Lorentz factor and
the isotropic energy or the peak luminosity (Liang et al. 2010;
Ghirlanda et al. 2012). As shown by Equations (17) and (18),
the neutrino flux is very sensitive to the bulk Lorentz factor, so
we can use the inherent relation to obtain more realistic values
for the Lorentz factors and, hence, a more reliable estimate of
the neutrino flux.

By identifying the onset time of the forward shock from the
optical afterglow observations, Liang et al. (2010) and Lv et al.
(2011) obtain the bulk Lorentz factors for a sample of GRBs.
They furthermore found a correlation between the bulk Lorentz
factor and the isotropic energy of the burst, given by11

ΓL = 118E0.26
iso,52. (22)

Ghirlanda et al. (2012) revisit this problem with a large sample
and obtain a relation as

ΓG = 29.8E0.51
iso,52. (23)

Compared with the benchmark model, which assumes Γ = 102.5

for all of the bursts, the value of Γ obtained from these
relations is lower for the bursts with the isotropic energy
Eiso ! (4.4–9.4) × 1053 erg.

Ghirlanda et al. (2012) also obtained the relation between the
bulk Lorentz factor and the peak luminosity, i.e.,

ΓGL
= 72.1L0.49

γ ,52. (24)

11 We adopt only the center value for the relationships presented hereafter.

6

~10 yr observations by IceCube can cover relevant  
parameter space in the IS scenario w. GRB-UHEp hypothesis   

Hummer, Baerwald & Winter 12 PRL He, Liu, Wang, Nagataki, KM & Dai 12 ApJ 

r=2Γ2cδt 



Remarks: Two Important Cases 

•  GRBs=UHE heavy-nuclei sources (pessimistic case) 
“Nucleus-survival bound”  
τAγ ~ nγσAγ（r/Γ）< 1 → fmes ~ τAγ(0.2σpγ/σAγ) < 10-3 (for Fe) 
εν2Φ(εν) < 10-3 εν2ΦWB(εν) ~ a fewx10-11 GeV cm-2 s-1 sr-1 

→ below IceCube limits (but hard to test…) 
 

KM & Beacom, PRD, 81, 123001 (2010) 

•  GRBs=UHEn sources (optimistic case) 
Escaping UHEn → UHEp via neutron decay 
εν2Φ(εν) ~ εn

2Φ(εn) ~ εCR
2Φ(εCR) ~ a fewx10-8 GeV cm-2 s-1 sr-1 

→ ruled out by IceCube Ahrels et al., APh, 35, 87 (2011) 


